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We introduce EFTCAMB/EFTCosmoMC as publicly available patches to the commonly used
CAMB/CosmoMC codes. We briefly describe the structure of the codes, their applicability and
main features. To illustrate the use of these patches, we obtain constraints on parametrized pure
EFT and designer f(R) models, both on ΛCDM and wCDM background expansion histories, using
data from Planck temperature and lensing potential spectra, WMAP low-` polarization spectra
(WP), and baryon acoustic oscillation (BAO). Upon inspecting theoretical stability of the models
on the given background, we find non-trivial parameter spaces that we translate into viability priors.
We use different combinations of data sets to show their individual effects on cosmological and
model parameters. Our data analysis results show that, depending on the adopted data sets, in the
wCDM background case this viability priors could dominate the marginalized posterior distributions.
Interestingly, with Planck+WP+BAO+lensing data, in f(R) gravity models, we get very strong
constraints on the constant dark energy equation of state, w0 ∈ (−1,−0.9997) (95%C.L.).
I. INTRODUCTION
Ongoing and upcoming cosmological surveys will map
matter and metric perturbations through different epochs
with exquisite precision. Combined with geometric
probes, they will provide us with a set of independent
measurements of cosmological distances and growth of
structure. In the cosmological standard model, ΛCDM,
the rate of linear clustering can be determined from the
expansion rate of the Universe; however this consistency
relation is generically broken in models of modified grav-
ity (MG) and dark energy (DE), even when they predict
the same expansion history as ΛCDM. Therefore mea-
surements of the growth of structure, such as weak lens-
ing and galaxy clustering, add complementary constrain-
ing power to measurements of the expansion history via
geometric probes. They can be used to perform consis-
tency tests of ΛCDM as well as to constrain the param-
eter space of alternative approaches to the phenomenon
of cosmic acceleration.
Over the past years there has been a lot of activ-
ity in the community to construct frameworks [1–46]
that would allow model-independent tests of gravity
with cosmological surveys like Planck [47], SDSS [48],
DES [49], LSST [50], Euclid [51], WiggleZ Dark Energy
Survey [52, 53] and CFHTLenS [54–56]. These are gen-
erally based on parametrizations of the dynamics of lin-
ear scalar perturbations, either at the level of the equa-
tions of motion, e.g. [39], of solutions of the equations,
e.g. [6, 14, 31], or of the action, e.g. [57–59], with the gen-
eral aim of striking a delicate balance among theoretical
consistency, versatility and feasibility of the parametriza-
tion. We shall focus on the latter approach, in particular
on the effective field theory (EFT) for cosmic acceleration
developed in [57, 58] (see [60–66] for previous work in the
context of inflation, quintessence and large scale struc-
ture). This formalism relies on an action written in uni-
tary gauge and built out of all the operators that are con-
sistent with the unbroken symmetries of the theory, i.e.
time-dependent spatial diffeomorphisms, and are ordered
according to the power of perturbations and derivatives.
At each order in perturbations, there is a finite num-
ber of such operators that enter the action multiplied by
time-dependent coefficients commonly referred to as EFT
functions. In particular, the background dynamics is de-
termined solely in terms of the three EFT functions mul-
tiplying the three background operators, while the gen-
eral dynamics of linear scalar perturbations is affected by
further operators but can still be analyzed in terms of a
handful of time-dependent functions. Despite the model-
independent construction, there is a precise mapping that
can be worked out between the EFT action and the action
of any given single scalar field DE/MG model for which
there exists a well defined Jordan frame [57, 58, 67, 68].
As such, EFT of cosmic acceleration represents an in-
sightful parametrization of the general quadratic action
for single scalar field DE/MG which has the dual quality
of offering a unified language to describe a broad range of
single field DE/MG models as well as a versatile frame-
work for model independent tests of gravity. For a more
in depth description of the EFT formalism we refer the
reader to the original papers [57, 58, 69].
In [70] we introduced EFTCAMB, a patch which im-
plements the effective field theory formalism of cosmic
acceleration into the public Einstein-Boltzmann solver
CAMB [71, 72]. As such, the code can be used to inves-
tigate the implications of the different EFT operators on
linear perturbations as well as to study perturbations in
any specific dark energy or modified gravity model that
can be cast into the EFT language, once the mapping is
worked out. Besides its versatility, an important feature
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2of EFTCAMB is that it evolves the full equations with-
out relying on any quasi-static approximation and it still
allows for the implementation of specific single field mod-
els of DE/MG. Furthermore, as we will briefly review in
Section II, our code has a built-in check of stability of
the theory and allows to safely evolve perturbations in
models that cross the phantom-divide.
We have now completed a modified version of the stan-
dard Markov-Chain Monte-Carlo code CosmoMC [73],
that we dubbed EFTCosmoMC. In combination with the
check for stability of the theory embedded in EFTCAMB,
it allows to explore the parameter space of models of cos-
mic acceleration under general viability criteria that are
well motivated from the theoretical point of view. It
comes with built-in likelihoods for several cosmological
data sets.
We illustrate the use of these patches obtaining con-
straints on different models within the EFT framework
using data from Planck temperature and lensing poten-
tial spectra, WMAP low-` polarization (WP) spectra as
well as baryon acoustic oscillations (BAO). In particu-
lar we consider designer f(R) models and an EFT linear
parametrization involving only background operators, on
both a ΛCDM and wCDM bacgkround.
Finally, we are publicly releasing the EFTCAMB and
EFTCosmoMC patches at http://wwwhome.lorentz.
leidenuniv.nl/~hu/codes/. We are completing a set
of notes that will guide the reader through the structure
of the codes [74].
II. EFTCAMB
In this Section we shall briefly review the main features
of EFTCAMB. For a more in depth description of the
EFT formalism, the equations evolved by the code and
the integration strategy, we refer the reader to [70].
The EFT formalism for cosmic acceleration is based on
the following action written in unitary gauge and Jordan
frame
S =
∫
d4x
√−g
{
m20
2
(1 + Ω)R+ Λ− a2c δg00
+
M42
2
(a2δg00)2 − M¯
3
1
2
a2δg00δKµµ −
M¯22
2
(δKµµ )
2
−M¯
2
3
2
δKµν δK
ν
µ +
a2Mˆ2
2
δg00δR(3)
+m22(g
µν + nµnν)∂µ(a
2g00)∂ν(a
2g00) + . . .
}
+Sm[χi, gµν ], (1)
where we have used conformal time and
{Ω,Λ, c,M2, M¯1, M¯2, M¯3, Mˆ ,m2} are free functions
of time which multiply all the operators that are
consistent with time-dependent spatial diffeomorphism
invariance and are at most quadratic in the perturba-
tions. We will refer to these as EFT functions. The
first line of (1) displays only operators that contribute
to the evolution of the background. There follow the
second order operators that affect only the dynamics
of perturbations, in combination with the background
operators. The ellipsis indicate higher order operators
which would affect the non-linear dynamics and are not
yet included in the code. Finally, Sm is the action for all
matter fields, χi.
A given single scalar field model of DE/MG, for which
there exists a well defined Jordan frame, can be mapped
into the formalism (1) as illustrated in [57, 58, 67, 68].
As such, EFT offers a unified language for most of the
viable approaches to cosmic acceleration; among other,
we shall mention the Horndeski class [75] which in-
cludes quintessence [76], k-essence [77], f(R), covariant
Galileon [78], the effective 4D limit of DGP [79] to name
a few. Furthermore, action (1) represents a parametrized
framework to test gravity on large scales via the dynamics
of linear cosmological perturbations. To this extent, one
can use a designer approach to fix a priori the background
evolution and use the Friedmann equations to determine
two of the EFT background functions {Ω,Λ, c} in terms
of the third one [57, 58]. It turns out to be convenient
to solve for c and Λ in terms of Ω. In the unitary gauge
adopted for action (1), the extra scalar d.o.f. associated
to DE or the modifications of gravity is eaten by the met-
ric. While such set up is convenient to construct the ac-
tion, in order to analyze the dynamics of perturbations it
is convenient to make the scalar d.o.f. explicit. This can
be achieved restoring the time-diffeomorphism invariance
of the action via the Stu¨ckelberg technique, i.e. perform-
ing the following infinitesimal time diffeomorphism to the
action
τ → τ + pi(xµ), (2)
and Taylor-expanding the resulting action in pi. The
Stu¨ckelberg field, pi, now encodes the departures from
the standard cosmological model. At the level of lin-
ear scalar perturbations, EFTCAMB evolves the stan-
dard equations for all matter species, a set of modified
Einstein-Boltzmann equations and a full Klein-Gordon
equation for pi as described at length in [70]. We shall
recall that this treatment of the extra dynamics asso-
ciated to DE/MG, as opposed to an effective fluid ap-
proach [27, 80, 81], it allows us to maintain a better
control of the stability of the theory and to cross the
phantom divide.
As described in [70], the multifaceted nature of the
EFT formalism is implemented in EFTCAMB, where the
background dynamics can be approached with either of
the following procedures:
• pure EFT: in this case one works with a given subset
of the operators in (1), possibly all, treating their co-
efficients as free functions. The background is treated
via the EFT designer approach, i.e. a given expansion
history is fixed, a viable form for Ω [82] is chosen and
the remaining two background EFT functions are de-
termined via the Friedmann equations. The code al-
lows for ΛCDM and wCDM expansion histories, as well
3as for the Chevallier-Polarski-Linder (CPL) [83, 84]
parametrization of the dark energy equation of state.
In addition it offers a selection of functional forms for
Ω(a): the minimal coupling, corresponding to Ω = 0;
the linear model, that can be thought of as a first or-
der approximation of a Taylor expansion; power law,
inspired by f(R), and exponential ones. There is also
the possibility for the user to choose an arbitrary form
of Ω according to any ansatz the user wants to inves-
tigate. At the level of perturbations, more operators
come into play, each with a free function of time in
front of it, and one needs to choose some ansa¨tze in
order to fix their functional form. To this extent, we
adopted the same scheme as for the background func-
tion Ω, still providing the possibility to define and use
other forms that might be of interest. Of course the
possibility to set all/some second order EFT functions
to zero is included. The code evolves the full perturbed
equations consistently implemented to account for the
inclusion of more than one second order operator per
time, ensuring that even more and more complicated
models can be studied.
• mapping EFT: in this case a particular DE/MG model
is chosen, the corresponding background equations are
solved and then everything is mapped into the EFT for-
malism [57, 58, 67, 68] to evolve the full EFT perturbed
equations. Let us stress that in the mapping case, once
the background equations are solved, all the EFT func-
tions are completely fixed by the choice of the model.
Built-in to the first code release there are f(R) models
for which a designer approach is used for the ΛCDM,
wCDM and CPL backgrounds following [85, 86]. In
the future other theories will be added to gradually
cover the wide range of models included in the EFT
framework.
In summary, EFTCAMB is a full Einstein-Bolztmann
code which exploits the double nature of the EFT frame-
work. As such, it allows to investigate how the differ-
ent operators entering (1) affect the dynamics of linear
perturbations as well as to study a particular DE/MG
model, once the mapping to the EFT formalism is de-
termined. Let us stress that EFTCAMB evolves the full
dynamical equations on all linear scales both in the pure
EFT and mapping mode, ensuring that we do not miss
out on any potentially interesting dynamics at redshifts
and scales that might be within reach of upcoming, wider
and deeper, surveys.
Ultimately, we built a machinery which allows to test
gravity and its modifications on large scale in a model
independent framework which ideally covers most of the
models of cosmological interest by computing cosmologi-
cal observables which are the two-point auto- and cross-
correlations provided by the combination of galaxy clus-
tering, CMB temperature and polarization anisotropy
and weak lensing.
III. EFTCOSMOMC: SAMPLING OF THE
PARAMETER SPACE UNDER STABILITY
CONDITIONS
To fully exploit the power of EFTCAMB we equipped
it with a modified version of the standard Markov-Chain
Monte-Carlo code CosmoMC [73] that we dubbed EFT-
CosmoMC. The complete code now allows to explore
the parameter space performing comparisons with sev-
eral cosmological data sets, and it does so with a built-in
stability check that we shall discuss in the following.
In the EFT framework, the stability of perturbations
in the dark sector can be determined from the equation
for the perturbation pi, which is an inhomogeneous Klein-
Gordon equation with coefficients that depend both on
the background expansion history and the EFT func-
tions [57, 58, 70]. Following the arguments of [61], in [70]
we listed general viability requirements in the form of
conditions to impose on the coefficients of the equation
for pi; these include a speed of sound c2s ≤ 1, a positive
mass m2pi ≥ 0 and the avoidance of ghost. Furthermore
we required a positive non-minimal coupling function, i.e.
1+Ω > 0, to ensure a positive effective Newton constant.
When exploring the parameter space one needs to
check the stability of the theory at every sampling point.
While this feature at first might seem a drawback, how-
ever, it is one of the main advantages of the EFT frame-
work and a virtue of EFTCAMB/EFTCosmoMC. In-
deed, as we outlined in [70], checking the stability of
the theory ensures not only that the dynamical equa-
tions are mathematically consistent and can be reliably
numerically solved, but also, perhaps more importantly,
that the underlying physical theory is acceptable. This
of course is desired when considering specific DE/MG
models and, even more, when adopting the pure EFT
approach. In the latter case indeed, one makes a some-
what arbitrary choice for the functional form of the EFT
functions and satisfying the stability conditions will en-
sure that there is an underlying, theoretically consistent
model of gravity corresponding to that given choice.
Imposing stability conditions generally results in a par-
tition of the parameter space into a stable region and
an unstable one. In order not to alter the statistical
properties of the MCMC sampler [87], like the conver-
gence to the target distribution, when dealing with a
partitioned parameter space we implement the stabil-
ity conditions as priors so that the Monte Carlo step is
rejected whenever it would fall in the unstable region.
We call these constraints viability priors as they rep-
resent the degree of belief in a viable underlying single
scalar field DE/MG theory encoded in the EFT frame-
work. We would like to stress that they correspond
to specific conditions that are theoretically well moti-
vated and, hence, they represent the natural require-
ments to impose on a model/parametrization. One of
the virtues of the EFT framework, and consequently of
EFTCAMB/EFTCosmoMC, is to allow their implemen-
tation in a straightforward way. We shall emphasize that
4our EFTCosmoMC code automatically enforces the via-
bility priors for every model considered, both in the pure
and mapping EFT approach.
IV. DATA SETS AND RESULTS
In this Section we shall briefly review the data sets
we used and discuss the resulting constraints obtained
for some selected pure and mapping EFT models on
both ΛCDM and wCDM backgrounds. While we will
work with models that involve only background opera-
tors, EFTCAMB/EFTCosmoMC are fully equipped to
handle also second order operators; the same procedure
that we shall outline here can be followed when the latter
are at play.
A. Data sets
We adopt Planck temperature-temperature power
spectra considering the 9 frequency channels ranging
from 30 ∼ 353 GHz for low-` modes (2 ≤ ` < 50)and
the 100, 143, and 217 GHz frequency channels for high-`
modes (50 ≤ ` ≤ 2500) 1 [88, 89]. In addition we include
the Planck collaboration 2013 data release of the full-sky
lensing potential map [90], by using the 100, 143, and 217
GHz frequency bands with an overall significance greater
than 25σ. The lensing potential distribution is an indi-
cator of the underlying large-scale structure, and as such
it is sensitive to the modified growth of perturbations
contributing significant constraining power for DE/MG
models.
In order to break the well-known degeneracy between
the re-ionization optical depth and the amplitude of
CMB temperature anisotropy, we include WMAP low-
` polarization spectra (2 ≤ ` ≤ 32) [91]. Finally, we
consider the external baryon acoustic oscillations mea-
surements from the 6dFGS (z = 0.1) [92], SDSS DR7 (at
effective redshift zeff = 0.35) [93, 94], and BOSS DR9
(zeff = 0.2 and zeff = 0.35) [95] surveys to get comple-
mentary constraining power on cosmological distances.
To explicitly show the effect of individual data
sets on the different parameters that we con-
strain, we adopt three different combinations of
data, namely: Planck+WP; Planck+WP+BAO;
Planck+WP+BAO+lensing, where with lensing we
mean the CMB lensing potential distributions as mea-
sured by Planck. In all cases we assume standard flat
priors from CMB on cosmological parameters while we
impose the viability priors discussed in Section III on
model parameters.
1 http://pla.esac.esa.int/pla/aio/planckProducts.html
B. Linear EFT model
We start our exploration of CMB constraints on
DE/MG theories with a pure EFT model. We adopt
the designer approach choosing two different models for
the expansion history, the ΛCDM one and the wCDM
one (corresponding to a constant dark energy equation
of state). As we reviewed in Section II, after fixing the
background expansion history one can use the Friedmann
equations to solve for two of the three EFT background
functions in terms of the third one; as it is common, we
use this to eliminate Λ and c. We are then left with Ω
as a free background function that will leave an imprint
only on the behaviour of perturbations. We assume the
following functional form:
Ω(a) = ΩEFT0 a , (3)
which can be thought of as a first order approximation
of a Taylor expansion in the scale factor. We set to zero
the coefficients of all the second order EFT operators. In
the remaining we refer to this model as the linear EFT
model.
Before proceeding with parameter estimation, it is in-
structive to study the shape of the viable region in the
parameter space of the model. As we discussed in Sec-
tion III, the check on the stability of any given model is
a built-in feature of EFTCAMB/EFTCosmoMC, so that
the user does not need to separately perform such an in-
vestigation prior to implementing the model in the code.
Nevertheless, in some cases it might be useful to look at
the outcome of such analysis as one can learn interesting
things about the model/parametrization under consider-
ation. Let us briefly discuss the stability of the linear
EFT model.
In the case of a ΛCDM expansion history, it is easy
to show that all the stability requirements that we listed
in [70], and reviewed in Section III, imply the following
viability prior :
ΩEFT0 ≥ 0 . (4)
On the other hand, the case of a wCDM expansion his-
tory can not be treated analytically so we used our EFT-
CAMB code along with a simple sampling algorithm, in-
cluded in the code release, to explore the stability of the
model in the parameter space. We varied the parameters
describing the dark sector physics while keeping fixed all
the other cosmological parameters. The result is shown
in Figure 1 and includes interesting information on the
behaviour of this model. First of all, also in this case the
stable region correspond to ΩEFT0 > 0; furthermore it is
possible to have a viable gravity model with w0 < −1,
although in this case ΩEFT0 needs to acquire a bigger and
bigger value to stabilize perturbations in the dark sec-
tor. Finally, we see that if ΩEFT0 = 0 we recover the
result, found in the context of quintessence models [96],
that w0 > −1. This case corresponds, in fact, to mini-
mally coupled quintessence models with a potential that
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Figure 1. Left panel : stability regions of linear EFT and designer f(R) models on a wCDM background. The cosmological
parameters defining the expansion history are set to their CAMB default values: H0 = 70 Km/s/Mpc, Ωb = 0.05, Ωc = 0.22,
TCMB = 2.7255 K. Right panel : marginalized constraints on Log10(B0) describing designer f(R) models on ΛCDM background
for two data sets differing by CMB lensing and BAO. For each data set we compare the results obtained with EFTCAMB with
those obtained by MGCAMB [102, 103] for the same designer f(R) models.
is crafted so that the resulting expansion history mimics
that of a wCDM model.
For the ΛCDM background case, the 1D marginal-
ized posterior distributions, obtained with the three dif-
ferent data compilations discussed above, are shown in
Figure 3 (a). The corresponding marginalized statistics
are summarized in Table I (a). We find that the three
different data compilations produce similar results, with
Planck+WP+BAO+lensing giving:
ΩEFT0 < 0.061 (95%C.L.) . (5)
Next we consider a wCDM expansion history, char-
acterized by an equation of state for dark energy con-
stant in time, w0, but different from −1. Upon inspect-
ing Figure 3 (b) one can notice that the marginalized
posterior distributions of (Ωm,ΩΛ, H0, w0) obtained from
Planck+WP data are significantly skewed, i.e. their right
tail goes to zero much more sharply than the left one.
The situation changes significantly when one adds BAO
data. This is due to the combination of two effects. On
one hand, when BAO data are not included, the con-
straints on (Ωm,ΩΛ, H0, w0) are relatively loose since one
is lacking the complementary high precision information
on the expansion history. In other words, the gain/loss
of likelihood value in the vicinity of best-fit points is not
very significant, so the sampling points of cosmological
parameters broadly spread around their central values.
In this case, the stability requirements on ΩEFT0 and w0
dominate over the data constraining power. On the other
hand, as shown in the left panel of Figure 1, the viable
region in the space (ΩEFT0 , w0) for the linear EFT model
on a wCDM background covers mostly w0 > −1, i.e.
it is highly asymmetric in the range around w0 = −1.
This explains the asymmetry in the posterior distribu-
tion of w0 since the marginalized posterior distribution in
Monte-Carlo integration algorithms follows the number
of projected sampling points in the given volume. Fur-
thermore, from the left panel of Figure 2 (green curve),
one can see that (Ωm,ΩΛ, H0) are degenerate, as ex-
pected, with w0 and this explains while their posterior
distributions are skewed as well. As soon as comple-
mentary measurements of cosmological distances, such as
BAO, are added to the data sets, the constraining power
is strong enough and the posterior distributions become
more symmetric; indeed BAO data significantly helps to
localize the confidence regions close to w0 ∼ −1, mak-
ing the posterior distribution less affected by the global
profile of viability priors.
Finally, from the left panel of Figure 2 we can see that
the degeneracy of ΩEFT0 with the other parameters is not
very significant after adding BAO data (blue and red
curves). As a result the bounds on ΩEFT0 remain at the
same level of those obtained for a ΛCDM background.
With Planck+WP+BAO+lensing data we obtain:
ΩEFT0 < 0.058 (95%C.L.) . (6)
One can notice that the addition of lensing data does not
significantly improve the constraint on ΩEFT0 in neither
the ΛCDM nor the wCDM case.
C. f(R) gravity
The simplicity of its theoretical structure and the rep-
resentative phenomena to which it leads at the level of
growth of structure, have long made f(R) gravity a pop-
ular model of modified gravity. We refer the reader
to [85, 86, 97, 98] for detailed discussions of the cosmol-
ogy of f(R) models. Here we shall briefly review the
main features that are of interest for our analysis.
We consider the following action in Jordan frame
S =
∫
d4x
√−g [R+ f(R)] + Sm , (7)
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Figure 2. 68% and 95% confidence regions on combinations of cosmological parameters for linear pure EFT and designer f(R)
models on wCDM background. Different combinations of observables are indicated with different colors.
where f(R) is a generic function of the Ricci scalar and
the matter sector is minimally coupled to gravity. The
higher order nature of the theory translates into hav-
ing an extra scalar d.o.f. which can be identified with
fR ≡ df/dR, commonly dubbed the scalaron [99]. As
explained in [57], these models can be mapped into the
EFT formalism via the following matching:
Λ =
m20
2
[f −RfR] ; c = 0 ; Ω = fR . (8)
Within the EFT language, the role of the perturbation
to the scalaron, δfR, is played by the Stu¨ckelberg field
which, in the f(R) case, corresponds to pi = δR/R [57].
It is well known that given the higher order of the
theory, it is possible to reproduce any given expansion
history by an appropriate choice of the f(R) function
[85, 86]. In other words, f(R) models can be treated
with the so called designer approach which consists in
fixing the expansion history and then using the Fried-
mann equation as a second order differential equation for
f [R(a)]. Generically one finds a family of viable mod-
els that reproduce the given expansion; the latter are
commonly labelled by the boundary condition at present
time, f0R. Equivalently, they can be parametrized by
the present value, B0, of the Compton wavelength of the
scalaron in Hubble units
B =
fRR
1 + fR
HR˙
H˙ − H2 , (9)
where dots indicate derivatives w.r.t. conformal time.
B0 and can be related to f
0
R and one approximately has
B0 ≈ −6f0R in ΛCDM case. Let us recall that the heavier
the scalaron the smaller B0 and |f0R|.
Finally, as discussed in [85, 86, 100, 101], f(R) models
need to satisfy certain conditions of stability and consis-
tency with local tests of gravity [86]; the latter can be
inferred from the conditions discussed in Section III once
the matching (8) is implemented.
As described at length in our previous work [70], EFT-
CAMB treats the background of f(R) gravity with a
built-in designer routine that is specific to these models
and can handle ΛCDM, wCDM and CPL backgrounds.
Furthermore, the viability of the reconstructed model is
automatically checked by the code via the procedure de-
scribed in Section III.
Like in the pure EFT case, it proves very instructive
to investigate the shape of the parameter space as dic-
tated by the stability conditions of Section III. For the
designer f(R) model on ΛCDM background it is easy to
show that the latter reproduce the known result that in
order to have a positive mass of the scalaron B0 should
be greater than zero. It is much more interesting to inves-
tigate the shape of the parameter space for f(R) models
mimicking a wCDM background expansion history. We
do it numerically, through the built-in routine of EFT-
CAMB, and we show the results in Figure 1. The first
noticeable feature is that for wCDM models the value of
the equation of state of dark energy can not go below
−1, which is consistent with what was found in [86]. The
second one is that the parameter B0 controls the limit to
GR of the theory i.e. when B0 gets smaller the expansion
history is forced to go back to that of the ΛCDM model
in order to preserve a positive mass of the scalaron. The
converse is not true and this same feature do not appear
in pure EFT models where the ΩEFT0 = 0 branch con-
tains viable theories and corresponds to the wide class of
7minimally coupled quintessence models.
In what follows, we shall first investigate the con-
straints onB0 in models reproducing ΛCDM background,
performing also a comparison with analogous results ob-
tained using MGCAMB [102, 103]. We will then move to
study constraints on designer models on a wCDM back-
ground, which is a novel aspect of our work.
In the right panel of Figure 1, we compare the 1D
marginalized posterior distributions of Log10B0 from our
EFTCAMB to those from MGCAMB. Overall there is
good agreement between the two results. Moreover,
one can notice that generally the constraints obtained
with EFTCAMB are a little bit tighter than those ob-
tained with MGCAMB. This is because in the latter code
f(R) models are treated with the quasi-static approxi-
mation which looses out on some of the dynamics of the
scalaron [104], which is instead fully captured by our full
Einstein-Boltzmann solver, as discussed already in [70].
The detailed 1D posterior distributions and corre-
sponding marginalized statistics are summarized in Fig-
ure 3 (c) and Table I (c) and they are consistent with
previous studies employing the quasi-static approxima-
tions [105]. The right panel of Figure 1 and Figure 3
(c) show that lensing data add a significant consrtaining
power on B0. This is because Planck lensing data are
helpful in breaking the degeneracy between Ωm and B0
which affect the lensing spectrum in different ways. In-
deed, in f(R) gravity the growth rate of linear structure
is enhanced by the modifications, hence the amplitude of
the lensing potential spectrum is amplified whenever B0
is different than zero (see our previous work [70]); how-
ever, the background angular diameter distance is not
affected by B0, so the position of the lensing potential
spectrum is not shifted horizontally. On the other hand,
Ωm affects both the background and linear perturbation
so that both the amplitude and position of the peaks of
the lensing potential are sensitive to it.
Similarly to what happens in the linear EFT model,
f(R) gravity shows some novel features in the case of
a wCDM background. Once again we find a non-trivial
likelihood profile of Log10B0 (see Figure 3 (d)) for all the
three data compilations, with the shape of the marginal-
ized posterior distribution of Log10B0 being dominated
by the shape of the stable region. In the middle panel
of Figure 1 one can see indeed that when B0 tends to
smaller values, i.e. the theory tends to GR, the stable
regions becomes narrower and narrower, with a tiny tip
pointing to the GR limit. Since the width of this tip is so
narrow compared with the current capability of parame-
ter estimation from Planck data, the gains of likelihood
of the sampling points inside this parameter throat are
not significant, i.e. they are uniformly sampled in the
throat. Hence, even though the full data set has a very
good sensitivity to B0, the marginalized distribution of
Log10B0 is dominated by the volume of the stable region
in the parameter space. A complementary consequence
of the shape of the stable region in the (B0, w0) space is
the fact that when B0 tends to zero, w0 is driven to −1.
In other words the stability conditions induce a strong
correlation between B0 and w0 and, as a consequence, in
f(R) models, no matter in the ΛCDM or wCDM back-
ground case, the GR limit is effectively controlled by a
single parameter, i.e. B0.
Finally one can notice that the bound on w0 with
Planck lensing data is quite stringent compared to those
without lensing, namely:
w0 ∈ (−1,−0.94) (95%C.L.) without lensing,
w0 ∈ (−1,−0.9997) (95%C.L.) with lensing. (10)
We argue that this stringent constraint actually is a
consequence of the combination of the strong correla-
tion between B0 and w0 induced by the viability prior,
as discussed above, and the sensitivity of lensing data
to B0, that we capture well with our code. As shown
in [34] Planck lensing data is very sensitive to MG
parameters such as B0; indeed, in our analysis with
Planck+WP+BAO+lensing data we get
Log10B0 = −3.35+1.79−1.77 (95%C.L.) . (11)
Furthermore, from Figure 2 (b), one can see that
the ellipse in the (Log10B0, w0) space corresponding to
Planck+WP+BAO+lensing data (blue) is orthogonal to
those without lensing (red and green). In other words,
when lensing data is included, Log10B0 and w0 display
a degeneracy which propagates the stringent constraint
on the scalar Compton wavelength from CMB lensing
data to w0. Besides this, we do not find other remark-
able degeneracies between B0 and standard cosmological
parameters.
V. CONCLUSIONS
Solving the puzzle of cosmic acceleration is one of the
major challenges of modern cosmology. In this respect,
cosmological surveys will provide a large amount of high
quality data allowing to test gravity on large scales with
unprecedented accuracy. The effective field theory frame-
work for cosmic acceleration will prove useful in perform-
ing model independent tests of gravity as well as in test-
ing specific theories as, while being a parametrization of
the quadratic action, it preserves a direct link to a wide
range of DE/MG models. Indeed, any single scalar field
DE/MG models with a well defined Jordan frame can be
cast into the EFT language and most of the cosmological
models of interest fall into this class.
In a previous work [70], we presented the implementa-
tion of the EFT formalism into the Einstein-Boltzmann
solver CAMB [71], resulting into EFTCAMB. The latter
code has several virtues: it allows for the implementa-
tion of the parameterized EFT framework in what we
dub the pure EFT approach, and for the implementa-
tion of specific DE/MG models in the mapping mode;
it does not rely on any quasi-static approximation, but
rather it implements the full perturbative equations on
8all linear scale for both the pure and the mapping case
ensuring that no potentially interesting physics is lost;
it has a built-in check of the stability conditions of per-
turbations in the dark sector in order to guarantee that
the underlying gravitational theory is viable; it enables
to choose among different expansion histories, namely
ΛCDM, wCDM and CPL backgrounds, naturally allow-
ing phantom-divide crossings.
In the present work, we equipped EFTCAMB with a
modified version of CosmoMC, that we dubbed EFTCos-
moMC, creating a bridge between the EFT parametriza-
tion of the dynamics of perturbations and observations.
EFTCosmoMC allows to practically perform tests of
gravity and get constraints analyzing the cosmological
parameter space with, in its current version, data sets,
such as Planck, WP, BAO and Planck lensing. Further
data sets, mainly from large-scale structure surveys, will
be included in the near future.
As discussed in Section III, exploring the parameter
space requires a step by step check of the stability of
the theory. We implemented the resulting stability con-
ditions as viability priors that makes the Monte Carlo
step be rejected whenever it would fall in the unstable
region of the parameter space. The latter procedure, in
our view, represents a clean and natural way to impose
priors on parameters describing the dark sector.
To illustrate the use of the EFT-
CAMB/EFTCosmoMC package, we have derived
constraints on two different classes of models, namely a
pure linear EFT model and a mapping designer f(R).
We used three different combinations of Planck, WP,
BAO and CMB lensing data sets to show their different
effects on constraining the parameter space. For both
models we have adopted the designer approach built-in
in EFTCAMB and have considered the case of a ΛCDM
as well as of a wCDM background.
For the linear EFT model, we have derived bounds on
the only model parameter, i.e the present value of the
conformal coupling functions ΩEFT0 , as described in Sec-
tion IV B. In the case of a ΛCDM background, we have
found that the latter needs to satisfy ΩEFT0 ≥ 0 as a
viability condition and with Planck+WP+BAO+lensing
data we get a bound of ΩEFT0 < 0.061 (95%C.L.) (the
three different data compilations give similar results).
For the wCDM expansion history, the outcome of the
stability analysis is shown in Figure 1; specifically, there
is a stable region in parameter space where the dark
energy equation of state can be smaller than −1 as
long as the corresponding value of ΩEFT0 is high enough
to stabilize perturbations in the dark sector; finally,
the value ΩEFT0 = 0 corresponds to a minimally cou-
pled model and requires w0 > −1, like in the case
of quintessence. The combined bound on ΩEFT0 with
Planck+WP+BAO+lensing data gives ΩEFT0 < 0.058
(95%C.L.).
Finally, we have investigated designer f(R) models on
ΛCDM/wCDM backgrounds, in terms of constraints on
the model parameter B0, as described in Section IV C.
For the ΛCDM case we also compared our results to those
that we obtained with the quasi-static treatment of these
models via MGCAMB [102, 103]. The two treatments
give results that are in good agreement, with bounds from
EFTCAMB/EFTCosmoMC being a little tighter thanks
to the full treatment of the dynamics of perturbations.
On wCDM background we have found a non-trivial likeli-
hood profile of Log10B0 (see Figure 3 (d)) for all the three
data compilations and the shape of the marginalized pos-
terior distribution in this case strongly reflects that of
the viable region in parameter space. In the wCDM
background, with Planck+WP+BAO+lensing data we
get Log10B0 = −3.35+1.79−1.77 (95% C.L.). The bounds on
w0 with Planck lensing data (w0 ∈ (−1,−0.9997) (95%
C.L.)) are quite stringent compared to those without this
data set (w0 ∈ (−1,−0.94) (95% C.L.)) due to the high
constraining power of lensing measurements on B0 and
the strong correlation between w0 and B0 via the viability
prior.
Within the pure EFT approach, the code we are re-
leasing contains already all operators relevant for the dy-
namics of linear perturbations. In particular, while in
this work we showed results for a model involving only
background operators, we shall stress that the code is
fully functional for second order operators too. In the
future we will add some third order operators to study
mildly non-linear scales. As for the mapping mode, the
code currently allows for a full treatment of f(R) mod-
els via a specific designer approach that can handle both
ΛCDM, wCDM and CPL backgrounds. We will gradu-
ally implement the mapping procedure for many other
single scalar field DE/MG models which are of relevance
for cosmological tests. Finally, more data sets will be
added into EFTCosmoMC allowing to test gravity with
the most recent data releases with a particular empha-
sis toward large scale structure observations in view of
surveys such as Euclid [51].
The complete EFTCAMB/EFTCosmoMC bundle is
now publicly available at http://wwwhome.lorentz.
leidenuniv.nl/~hu/codes/.
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Figure 3. 1D Marginalized posterior distributions of cosmological and model parameters for pure linear EFT (top) and f(R)
(bottom) models both on a ΛCDM (left) and wCDM (right) background. Different colors represent different combinations of
cosmological data sets.
10
(a) Mean values and 68% (or 95%) confidence limits for primary/derived parameters for a linear EFT model on ΛCDM/wCDM background.
Linear EFT+ΛCDM Linear EFT+wCDM
Planck+WP Planck+WP+BAO Planck+WP+
BAO+lensing
Planck+WP Planck+WP+BAO Planck+WP+
BAO+lensing
Parameters mean ± 68% C.L. mean ± 68% C.L. mean ± 68% C.L. mean ± 68% C.L. mean ± 68% C.L. mean ± 68% C.L.
100Ωbh
2 2.201±0.028 2.205±0.025 2.211±0.025 2.198±0.028 2.209±0.026 2.216±0.026
Ωch2 0.1199±0.0026 0.1193±0.0017 0.1188±0.0016 0.1201±0.0026 0.1185±0.0019 0.1180±0.0018
100θMC 1.04121±0.00063 1.04133±0.00058 1.04132±0.00055 1.04119±0.00062 1.04141±0.00058 1.04142±0.00058
τ 0.089±0.013 0.090±0.013 0.088±0.012 0.088±0.013 0.091±0.013 0.091±0.012
ns 0.9596±0.0073 0.9608±0.0057 0.9619±0.0059 0.9588±0.0071 0.9625±0.0060 0.9637±0.0060
Log(1010As) 3.086±0.024 3.088±0.025 3.084±0.022 3.086±0.025 3.088±0.025 3.088±0.023
ΩEFT0 < 0.066 (95%C.L.) < 0.072 (95%C.L.) < 0.061 (95%C.L.) < 0.065 (95%C.L.) < 0.076 (95%C.L.) < 0.058 (95%C.L.)
w0 − − − −0.88+0.21−0.14 (95%C.L.) −0.96+0.09−0.06 (95%C.L.) −0.95+0.08−0.07 (95%C.L.)
Ωm 0.310±0.016 0.306±0.010 0.3028±0.0096 0.349±0.041 0.314±0.013 0.312±0.013
H0 67.71±1.20 67.99±0.79 68.22±0.75 64.10±3.26 66.99±1.22 67.08±1.21
χ2min/2 4902.799 4904.074 4908.849 4902.921 4903.957 4908.846
(b) Mean values and 68% (or 95%) confidence limits for primary/derived parameters for a designer f(R) model on ΛCDM/wCDM background.
f(R)+ΛCDM f(R)+wCDM
Planck+WP Planck+WP+BAO Planck+WP+
BAO+lensing
Planck+WP Planck+WP+BAO Planck+WP+
BAO+lensing
Parameters mean ± 68% C.L. mean ± 68% C.L. mean ± 68% C.L. mean ± 68% C.L. mean ± 68% C.L. mean ± 68% C.L.
100Ωbh
2 2.224±0.033 2.220±0.027 2.214±0.025 2.255±0.033 2.246±0.029 2.226±0.026
Ωch2 0.1185±0.0027 0.1187±0.0017 0.1184±0.0016 0.1162±0.0027 0.1174±0.0019 0.1174±0.0016
100θMC 1.04149±0.00067 1.04142±0.00057 1.04136±0.00056 1.04186±0.00066 1.04166±0.00060 1.04149±0.00056
τ 0.088±0.013 0.087±0.013 0.087±0.012 0.086±0.013 0.084±0.012 0.082±0.012
ns 0.9634±0.0076 0.9624±0.0058 0.9625±0.0057 0.9695±0.0078 0.9665±0.0062 0.9647±0.0057
Log(1010As) 3.083±0.025 3.082±0.025 3.080±0.022 3.075±0.025 3.072±0.024 3.067±0.024
Log10B0 < 0.0 (
a) < 0.0 (a) < −2.37 (95%C.L.) −1.97+1.61−1.52 (95%C.L.) −2.01+1.60−1.51 (95%C.L.) −3.35+1.79−1.77 (95%C.L.)
w0 − − − (−1,−0.94) (95%C.L.) (−1,−0.94) (95%C.L.) (−1,−0.9997) (95%C.L.)
Ωm 0.300±0.017 0.302±0.010 0.3005±0.0092 0.291±0.015 0.2982±0.0099 0.2944±0.0093
H0 68.51±1.30 68.35±0.81 68.41±0.72 69.04±1.18 68.50±0.80 68.89±0.75
χ2min/2 4900.765 4901.399 4907.901 4900.656 4901.140 4908.286
a No significant upper bound found in the parameter range we investigated.
Table I. Constraints on cosmological parameters, using different combinations of CMB data sets, of linear pure EFT (a) and
designer f(R) (b) models, on both ΛCDM (left) and wCDM (right) background.
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